Conventional techniques for assessing and monitoring water quality have been primarily based either on the use of living material as "bioindicators" or on the employment of analytical measurements to provide information about the physical and chemical status of aquatic ecosystems. The former have predominantly utilised the presence of selected species to indicate the quality of waters in which they are found, whilst the latter require an adequate understanding of the toxic effects of specific physio-chemical phenomena in order that their ecological impacts may be fully gauged. These approaches are well established but more recently attention has turned to the use of sub-lethal effects to give a better measure of the sensitivity of populations and individuals to environmental change. Chronic exposure to toxic compounds in freshwater may allow individuals to survive but, owing to impaired growth, altered reproductive potential or behaviour modification, the population structure and dynamics may show symptoms of exposure. This paper explores whether the evaluation of sub-lethal effects may provide the basis of techniques which are capable of providing ecologically relevant information about pollution impacts in a cost-effective manner.
Introduction
This paper aims to briefly explore the potential for utilising population information of selected freshwater species to provide the basis of new, sensitive and ecologically relevant water quality monitoring techniques. The ecological impacts of chronic pollution are difficult to assess, not least because of the pervasive, complex and long term nature of processes governing the interaction between pollutants and freshwater organisms. Pollutants discharged to freshwaters may pose hazards for species, populations and ultimately ecosystems which "traditional" monitoring techniques are unable to adequately detect. This clearly has implications for water resource management and ultimately human health which is dependent on effective monitoring of water quality and appropriate treatment systems. We are urgently in need of sensitive and ecologically relevant techniques for monitoring water quality in our rivers. Could the use of ecological information provide the basis for such techniques? Monitoring is a critical tool of management and therefore needs to be capable of evaluating changes in terms of meaningful phenomena rather than arbitrary levels or concentrations of particular toxicants.
The use of biological material to assess or indicate water quality in freshwater ecosystems is well established, with early work in this field concentrating on the determination of criteria governing lethal responses of individual species . More recently, attention has turned to the use of sub-lethal effects of pollution to give a better measure of the sensitivity of populations and individuals to environmental change (e.g. Kierstead and Barlocher, 1989) . However, little is known about the effects of water quality on the growth of individuals within populations, or on population abundance and information on morphological responses to pollution is sparse (Hellawell, 1986) . Chronic exposure to toxic compounds in freshwater may allow individuals to survive but, owing to impaired growth, altered reproductive potential or behaviour modification, the population structure and dynamics may show symptoms of exposure. Consequently, this type of information may provide a suitable basis for new monitoring techniques which are capable of assessing and predicting ecological impacts of pollutants in freshwaters. It is such impacts which have direct implications for water resource managers since they are capable of producing significant alteration of both quality and quantity of freshwater resources (e.g. fisheries) and the efficacy of treatment processes (e.g. changes in the structure of biological communities employed for water treatment purposes). In turn, these changes raise implications for both human health and economic issues.
Adverse effects of toxic compounds have most frequently been considered in terms of their physiological effects or lethal impact on individual organisms under conditions of continuous exposure to chemicals in isolation during "classical" toxicological studies. Such an approach may be justifiable in order to provide "baseline" assessments of pollution hazards but it is more ecologically relevant to consider the toxic effects of pollutants at conditions of low, sub-lethal concentrations or intermittent exposure (British Ecological Society, 1990) . It is this ecotoxicological approach to the assessment of hazards posed to freshwater ecosystems by pollutant discharges which needs to be developed if we are to adequately gauge and predict environmental changes. Ultimately, both managers and users of freshwater resources (in the widest sense these include recreational, economic, wildlife, fishery and aesthetic considerations) are concerned in the ecological effects of pollution since these result in tangible and meaningful change, whether overall positive or negative in nature.
Population variation
Freshwater organisms may show considerable variation in traits between populations which can be attributed to both proximate environmental and evolutionary causes (Lam and Calow, 1989 species, or how such characteristics may, in turn, be used to monitor water quality (Hellawell, 1986) . Many factors associated with populations can be used to assess environmental quality and these may provide the basis for new monitoring techniques. For example, populations may be characterised by their abundance, size structure or the rates at which growth and mortality occur, whilst assessments of fecundity and interpopulation morphological variation may also reveal differential responses to water quality (Figure 1 ).
Environmental conditions which impair population performance measurements such as growth, development or reproductive success, may become evident when populations are examined. The threespine stickleback Gasterosteus aculeatus has been used as a bioassay in this respect (Barnes, 1992) and ecotoxicological data from field situations representing polluted and unpolluted environments suggest that growth rates are higher, and mortality rates lower, in populations of this test species at unpolluted sites, whilst population abundance data show Table I shows relevant monthly water quality data using "conventional" physico-chemical measurements. Relative abundance was measured in terms of catch per unit effort, in this case the average number of sticklebacks caught per minute of sampling effort. The graph clearly shows greater numbers of sticklebacks caught from the "clean" and intermediate quality sites. Obviously, there will have been many ecological factors at work determining the abundance of these fish besides levels of pollution, not least seasonal lifecycle changes. The data do, however, demonstrate the type of information which may be used to characterise the ecological consequences of pollution and show some consistency of variation across the temporal scale notably during 1991.
Length-frequency information was also collected on a regular basis from these sites and used as an input for computer-assisted techniques for estimating growth and mortality. Such techniques are widely used in fisheries management and are now highly developed (Basson et al., 1988) , their adaptation and application can now be utilised to help assess the population responses of fish to water quality change. Fish are potentially valuable "bio-indicators" of water quality as a consequence of their high trophic position and direct economic and recreational value. The effects of pollutants on fish populations therefore have immediate and recognisable implications for humans whether through acute situations such as one-off spectacular fish kills or long term chronic effects such as deteriorating growth and mortality rates.
The threespine stickleback may be a particularly useful test species because it possesses a number of other suitable characteristics, including a widespread and abundant distribution combined with a tolerance of a range of pollutants (Solbe, 1973) . Furthermore, techniques for long term rearing and maintenance of this species within laboratory environments are well established and threespine sticklebacks are amongst the most intensively studied non-commercial fish, ensuring extensive autecological information is available. Research is now continuing into the development of a technique which utilises stickleback population information for environmental assessment purposes (EcoProjects, 1996) . 
Problem pollutants
Let us briefly consider one pollutant, to highlight the difficulties associated with evaluating and predicting the environmental consequences of its discharge. Cadmium is an important pollutant of freshwater ecosystems which is known to be highly toxic, even at ultra-low concentrations. It provides a good example of an environmental hazard with ecological impacts which have not been fully evaluated. For example, although considerable research into the physiological responses of individual fish to cadmium exposure has been undertaken, very little is known about the long term effects of this heavy metal pollutant on field populations of freshwater fish. Although rarely occurring at lethal concentrations, the importance of this toxicant, like many others, lies in its properties of persistence and accumulation in aquatic organisms.
Furthermore, cadmium levels and availability can be difficult to measure, and concentrations prone to vary considerably as a consequence of the intermittent nature of discharges. The problems of complex chemical interactions and synergistic effects with other pollutants add to the difficulties associated with attempting to predict "real" ecological outcomes in field situations from information solely derived from laboratory based studies. Long term exposure to cadmium and other pollutants, albeit at sub-lethal concentrations, may prove to have profound effects when expressed at the population level, and changes in such population characteristics, may in turn be used for environmental assessment purposes.
Although we can recognise that biochemical and physiological impacts of pollutants on individuals may be revealed at the population level there is a central problem in determining the extent to which observed demographic changes or interpopulation variation represents deviation caused by pollutants, or whether such phenomena are part of "natural" fluctuations inherent within the system or by the species concerned. Interpretation of the necessary information is further complicated by the nature of freshwater pollutants which usually occur in complex and changing mixtures. Such hurdles will need to be adequately addressed if population response techniques are to prove meaningful or useful, a task not easily achieved.
However, a number of techniques which utilise sub-lethal effects of pollution to give a better measure of the impact of water quality, are currently emerging. For example, "Scope for Growth" techniques utilise the response of individual organisms to assess water quality (Maltby and Naylor, 1990) . The technique estimates the "Scope-for Growth" of individuals of a benthic invertebrate test species Gammarus pulex based on the energy available for production, to provide an index of the environmental stress (including pollutants) to which the test organisms are exposed. However, such techniques provide little direct information about the impact of pollution on natural populations and few workers have attempted to evaluate relationships between water quality and population characteristics of freshwater organisms. Exceptions include a study by Aston and Milner (1980) who investigated the effects of thermal and organic pollution on populations of Asellus aquaticus and found greatest population densities and larger sized males and females at the most organically polluted sites. More recently, field observations by Maltby (1991) of A. aquaticus populations above and below an effluent discharge point also showed larger, but fewer individuals in polluted waters, whilst related earlier work on this species by Tolba and Holdich (1981) revealed greater egg production at sites with high water quality. Results such as these may begin to provide the foundations for the development of monitoring techniques which are sensitive and provide "time-integrated" information about ecological hazards of effluent discharges.
Conclusion
It is likely that most effects of environmental change in freshwater ecosystems, especially those caused by waste discharge, exert their effects at the ionic or molecular level (Hellawell, 1978) , altering physiology, behaviour or reproductive capacity. These may be ultimately revealed by surveys at the population or community level and environmental managers and ecotoxicologists are likely to be most interested in the effects of effluent discharges and other water management at these ecological levels (Calow and Sibly, 1990) . The potential consequences of chronic pollution have recently been highlighted and heightened by the persistent and severe drought in the UK during recent summers. The need to abstract water from certain British rivers to augment dwindling reservoir supplies has resulted in both reduced dilution capacity of effluent receiving waters (with inevitable ecological impacts) and the need for additional treatment processes in order to bring poor quality waters up to adequate standards (with inevitable economic impacts). Environmental toxicologists require methods which are sensitive, easily undertaken and which allow predictions to be made about the long term ecological impact of particular toxicants (Maltby and Calow, 1989) . Population information may provide the basis of such techniques which are capable of providing ecologically relevant information about pollution impacts. In addition, such techniques could also offer practical advantages, including straightforward sampling requirements and the need for only simple processing of biological material, with consequent financial implications for resource managers.
The advantages of incorporating a biological component in water quality monitoring programmes are now widely acknowledged and the call for a statutory requirement for the integration of biological techniques in monitoring procedures is gaining momentum. These advantages centre on the ecological relevance, capacity for sensitivity and "time-integrated" nature of information which is obtained using bio-indicator techniques and which may not be available from standard chemical assessments. As more and more scientists, water resource managers and users of all types recognise these advantages the pressure on policy-makers to ensure full exploitation of appropriate biological monitoring techniques will inevitably grow.
As concern increases about the long term impact of chronic levels of pollutants in river ecosystems, the need for methods which are of adequate sensitivity to measure such effects has become critical. The exploitation of sub-lethal responses of aquatic organisms could provide the basis for biological monitoring techniques which are capable of providing the necessary information about chronic pollution impacts at ecological levels.
